The gastrointestinal microbiota of preterm infants in a neonatal intensive care unit differs from that of term infants. In particular, the colonization of preterm infants by bifidobacteria is delayed. A double-blind, placebocontrolled, randomized clinical study was performed on 69 preterm infants to investigate the role of Bifidobacterium lactis Bb12 supplementation in modifying the gut microbiota. Both culture-dependent and cultureindependent approaches were used to study the gut microbiota. 
The microbiota of the gastrointestinal tract of preterm infants in a neonatal intensive care unit differs considerably from that of normal-term infants (31) . Use of antibiotics for extended periods, lack of full breastfeeding, need for artificial respiration, and repeated invasive interventions may contribute to this situation (30) . Increased permeability of the intestinal epithelial lining may lead to bacterial translocation and, subsequently, sepsis. The neonatal intensive care unit environment predisposes these infants to nosocomial infections. Some clinical trials on preterm infants have demonstrated the safe use of probiotics as a preventive measure to create a commensal microbiota that suppresses the growth of pathogens (1, 6, 20) . In these trials, different strains of probiotics and different regimens of administration have been used. In breastfed infants, bifidobacteria are a major component of the intestinal microbiota (35) . Therefore, various strains of bifidobacteria have been used in intervention trials, including B. lactis Bb12. However, those trials have only investigated the possible effects of Bb12 on full-term infants and toddlers, and the possible effects on preterm infants have not been studied.
This study aimed to investigate with both culture-dependent and culture-independent methods whether the supplementation of preterm infants with Bifidobacterium lactis Bb12 results in the modification of their gut microbiota in such a way that the growth of potentially harmful bacteria is suppressed.
MATERIALS AND METHODS

Study design.
A double-blind, placebo-controlled, randomized clinical trial was performed on 69 preterm infants born with a gestational age of Ͻ37 weeks in the Ernst von Bergmann hospital, Potsdam, Germany, between August 2003 and June 2005. The infants were randomized into the placebo or the probiotic group with the help of the Randoma software version 4.3 (HaSoTec, Rostock, Germany) on the basis of birth weight, gestational age at birth, gender, arterial umbilical cord pH, and Apgar score at 5 min. The exclusion criteria were chromosomal aberration, human immunodeficiency virus infection in the mother, hydrops fetalis, and inborn malformation of the gastrointestinal tract. The formula-based placebo (Nestlé FM 2000B) and verum (Nestlé FM 2000A) preparations were supplied by Nestlé, Konolfingen, Switzerland. The verum contained 2 ϫ 10 9 cells of Bifidobacterium lactis Bb12 per gram of powder. The concentration of Bb12 in 1 ml solution of verum in water was 4 ϫ 10 8 with an osmolarity of 428 mosmol liter Ϫ1 . The verum group received 1.6 ϫ 10 9 cells on day 1 to 3 and 4.8 ϫ 10 9 cells from day 4 onward. The administration of the study preparation started on the first day after birth and continued for 21 days. The study ended at the 35th day after birth or when the infant was discharged from the hospital, if earlier. Anamnestic and the routine clinical data were collected for all infants and their mothers.
Fecal samples were collected as fresh as possible during the study period. The poststudy sample was available only from a few infants because most of the infants had been discharged from the hospital by that time, and it was difficult to obtain a fresh sample for analysis. The samples from each infant were analyzed weekly for bacterial cell counts by both fluorescence in situ hybridization (FISH) and plating on the culture media. In many instances, the samples were not available on the sampling day, and therefore, the number of samples included for statistics differ for the various parameters investigated as indicated.
The study was approved by the local ethical committee, and informed consent was obtained from the parents before infants were enrolled in the study. For ethical reasons, only noninvasive methods were used. Culturing of different bacterial groups on selective and nonselective media. Stool samples were collected weekly for 3 weeks. The numbers of infants included in the analysis were as follows: probiotic group, week 1 ϭ 18, week 2 ϭ 24, week 3 ϭ 18; placebo group, week 1 ϭ 21, week 2 ϭ 27, week 3 ϭ 19. Samples were processed within 3 h of collection as follows: 100 mg of the sample was homogenized and 10-fold serial dilutions were made in Soerensen buffer (25 mM KH 2 PO 4 , 33 mM Na 2 HPO 4 ϫ 12H 2 O, 0.04% thioglycolic acid, pH 6.8). The dilutions (in duplicates, 100 l each) were plated on different nonselective and selective media (Table 1) in an anoxic workstation (MK3; DW Scientific, Shipley, United Kingdom) which contained a gas atmosphere of N 2 -CO 2 -H 2 (80:10:10, by vol) for anaerobes and was under the laminar flow hood for aerobes. Plates for anaerobic groups of bacteria were incubated in the anaerobic workstation, which was maintained at 37°C. Plates for aerobic and facultative aerobes were incubated aerobically at 37°C. The colonies were counted after 48 h, and the results are given as CFU per gram of fecal wet weight.
Antibiotic susceptibility testing by the disk diffusion method. In the neonatal intensive care unit of the Ernst von Bergmann hospital, the antibiotics commonly used for the treatment of infections in preterm infants are combinations of vancomycin ( ) was used occasionally. One antibiotic of each combination, namely vancomycin, piperacillin, or imipenem was used for the antibiotic resistance tests. Penicillin was also included in the analysis, as a large number of strains resistant to this antibiotic are commonly found in the nosocomial environment (36) . The probiotic and placebo groups contained 24 infants each. Samples were collected in the second and third weeks. Samples from infants with and without antibiotic treatment were included in the analysis.
To check for antibiotic resistance, morphologically different colonies from the aerobic plates were picked and restreaked on Columbia blood agar until pure cultures were obtained. The purity was checked by gram staining. The strain to be tested for antibiotic resistance was grown overnight on Columbia blood agar.
The optical density was adjusted to a 0.5 MacFarland's standard by diluting the colonies in 0.8% NaCl. The inoculum was spread on Mueller-Hinton agar (each plate contained 25 ml of media) with a cotton swab. The plates were dried, and the antibiotic disks (BioMérieux, Nürtingen, Germany) were placed on the agar surface with sterile forceps. They were then incubated overnight at 37°C, and the zone of inhibition around each disk was measured. The zone diameters were interpreted for resistance with the help of guidelines given by DIN58940-3 Bbl 1 (8) . Imipenem (10 g), piperacillin (75 g), vancomycin (30 g), and penicillin (10 U/E) disks were used for the test. Resistant strains were identified to the species level with the Vitek system (BioMérieux, Nürtingen, Germany) according to the manufacturer's instructions.
Enumeration of bacterial cells by FISH. Fecal samples were collected weekly and processed within 3 h. The numbers of infants included in the analysis were as follows: probiotic, week 1 ϭ 26, week 2 ϭ 28, week 3 ϭ 29; placebo, week 1 ϭ 26, week 2 ϭ 28, week 3 ϭ 27. Fresh feces were diluted 10-fold with in phosphate-buffered saline (150 mM NaCl, 10 mM Na 2 HPO 4 , 20 mM NaH 2 PO 4 , pH 7.4) and fixed as described by Thiel and Blaut (33) , except that the centrifugal force used for washing during fixation was 16,000 ϫ g instead of 8,000 ϫ g.
Microscopic slides were prepared according to the method described by Thiel and Blaut (33) . The probes used in this study are listed in Table 2 . An equimolar mixture of the probes EUB338, EUB785, EUB927, EUB1055, and EUB1088, referred to as Eubmix, was used to count the total bacterial cells. All probes were commercially synthesized (Thermo Hybaid, Ulm, Germany) and 5Ј labeled with Cy3. They were used at a concentration of 10 pmol/l, except for Bac303, which was used at a fourfold-higher concentration. The enumeration of the bacterial cells labeled with Clostridium lituseburense (Clit135) was done on cells both with and without lysozyme treatment, as different cell morphologies were observed in both cases. Overnight hybridization was done for all probes, except for Bac303, which was hybridized for 1 h.
Samples were analyzed with an Axioplan2 imaging microscope (Carl Zeiss, Oberkochen, Germany).
Statistics. Statistical analyses were performed with the statistical software package SPSS 11.5 (SPSS, Inc., Chicago, Illinois). Fisher's exact test, linear-by- , and week of sample collection as fixed factors; and week ϫ treatment and antibiotic therapy ϫ treatment as interaction terms. The differences were considered significant at a P value of Ͻ0.05 for all analyses. The probiotic and placebo groups were further split to check the influence of antibiotic therapy.
RESULTS
Study group characteristics.
The probiotic and placebo groups contained 37 and 32 preterm infants, respectively. The characteristics of the study population are shown in Table 3 . The probiotic and placebo groups were similar with regard to all parameters chosen for randomization (data not shown). Forty-six infants (26 probiotic, 20 placebo) received antibiotic therapy during the study period of 3 weeks. All of these infants were subjected to standard antibiotic therapy, which included cefotaxime and piperacillin in the first 3 days. After the third day, vancomycin and amikacin were given until the condition improved. Imipenem was given only to three infants. Feeding of the probiotic or placebo was started on the first or second day after birth. No adverse effect was observed in any of the infants supplemented with Bifidobacterium lactis Bb12. FISH analysis and enumeration of viable counts were done on 65 (33 probiotic, 32 placebo) and 58 (26 probiotic, 32 placebo) infants, respectively, due to unavailability of fresh samples from all infants at the time of collection.
Culturing on different selective and nonselective media. The infants in the placebo group had higher numbers of total bacteria than those in the probiotic group (aerobic, P ϭ 0.02; anaerobic, P ϭ 0.008) (Fig. 1) . Conversely, the counts of bifidobacteria were significantly higher in the probiotic group than in the placebo group (P ϭ 0.002).
The placebo group had higher numbers of enterobacteria and clostridia than the probiotic group (P ϭ 0.015 and 0.014, respectively). There were no significant differences between the probiotic and placebo groups in the numbers of Staphylococcus spp., Streptococcus spp., Bacteroides spp., and Candida spp. (Fig. 1) . Candida spp. were found in only 4 infants (2 isolates from each probiotic and placebo group) and in very low numbers. Colonies with a morphology characteristic of Clostridium difficile (nonhemolytic, gray, slightly raised, filamentous edge on blood agar) were found in almost 70% of the samples analyzed. This preliminary identification was further supported by automatic identification by the Vitek system. Probiotic supplementation had no influence on the occurrence of C. difficile, and it was equally present in both study groups. It was isolated from first week onwards, although the occurrence rate increased with time (week 1, 50%; week 2, 61%; week 3, 73%).
At different time points, significant differences in cell counts were found between the placebo and probiotic groups for total aerobic bacteria, total anaerobic bacteria, bifidobacteria, streptococci, and clostridia in the first week, bifidobacteria in the second week, and Enterobacteriaceae in the third week (data not shown).
Antibiotic resistance testing of the strains isolated from the plates. Antibiotic resistance tests were performed on samples from 24 infants of each group. Bacteria resistant to either one of the four tested antibiotics were isolated from all but three infants. The most commonly isolated antibiotic-resistant strains included Escherichia coli (48% of the infants), Staphylococcus epidermidis (46%), Staphylococcus aureus (19%), Enterococcus faecium (29%), Klebsiella pneumoniae (17%), Staphylococcus scuiri (15%), and Enterococcus faecalis (15%). Other antibiotic-resistant isolates were identified as Enterobacter cloacae (8%), Staphylococcus simulans (4%), Staphylococcus capitis (2%), Klebsiella ornithinolytica (2%), Staphylococcus Resistance to penicillin was most widespread, with 42% of the infants harboring one or more completely resistant strains. Of these, 23% and 19% of infants in the probiotic and placebo groups, respectively, had penicillin-resistant organisms. Organisms resistant to imipenem, piperacillin, and vancomycin were isolated from 32%, 28%, and 35% of the infants, respectively. There were no significant differences between the probiotic and placebo groups with regard to the number of infants colonized with antibiotic-resistant strains.
Fluorescence in situ hybridization. There were no significant differences between the probiotic and placebo groups in the total number of bacteria, as detected by hybridization with Eubmix. Numbers of bifidobacteria (Bif164) were higher in the probiotic group over all three weeks (P ϭ 0.003, Ͻ0.001, and Ͻ0.001, respectively) ( Fig. 2A) . Considering all time points, the infants in the probiotic group had higher numbers of bifidobacteria (P Ͻ 0.001) than those in the placebo group. This effect was independent of the antibiotic treatment (P ϭ 0.006) (Fig. 2B ). There were no differences between the antibiotictreated and nontreated infants when they were compared independent of the probiotic effect (P ϭ 0.282).
Considering the overall effect of probiotic supplementation, there were no significant differences between the probiotic and placebo groups in terms of bacteria targeted with Ec1531, Lab158, and Str493. Interestingly, the bacteria belonging to the C. lituseburense group showed different cell morphologies when the hybridization was done with or without lysozyme treatment. Short and long rods were observed when the sample was not treated with lysozyme prior to hybridization, while only long rods were seen with lysozyme treatment (Fig. 3) . This effect was not found in the four adult samples which we tested for comparison. In the probiotic group, higher numbers of bacteria were targeted by Clit135 upon preparation of the sample with lysozyme treatment (P ϭ 0.010), while there were no differences between the groups when no lysozyme treatment was used ( Table 4) .
The bacteria targeted by the probes Chis150, Bac303, Sta697, Veil223, and Erec482 were present in very low numbers and large interindividual differences were observed ( Table  4 ). The probiotic supplementation did not have any significant effect on the occurrence and numbers of bacteria in these groups. The bacteria targeted by Erec482 were detected in only one infant from the probiotic group.
Antibiotic therapy significantly lowered the total bacterial cell numbers (antibiotic-treated infants, 9.80 ϩ 0.08; infants without antibiotic treatment, 10.14 ϩ 0.14; P ϭ 0.03) when all three weeks were considered. Bifidobacteria were detected in 92.30%, 96.42%, and 89.65% of the infants in the probiotic group in week 1, week 2, and week 3, respectively, while the proportion of bifidobacterium-positive infants in the placebo group was lower (69.23%, 53.57%, and 48.14%).
DISCUSSION
Bifidobacterium lactis Bb12 was chosen for the trial because it has been shown to have the highest adhesion to human mucus of all bifidobacteria tested, and hence, a high colonization capacity has been found for this strain (14-16). The major findings of this intervention trial were the increase in the cell numbers of Bifidobacterium spp. and the reduction in the cell numbers of Enterobacteriaceae and Clostridium spp. in the gut of preterm infants in response to B. lactis Bb12 supplementation.
Effect of probiotic supplementation on intestinal microbiota assessed with both culture-independent and culture-dependent methods. Microorganisms can be isolated as pure cultures and identified to the species level by the use of culture-depen-
FIG. 2. (A)
Weekly changes in the numbers of bifidobacteria targeted with Bif164 during probiotic and placebo supplementation: week 1, probiotic n ϭ 18, placebo n ϭ 21; week 2, probiotic n ϭ 24, placebo n ϭ 27; week 3, probiotic n ϭ 18, placebo n ϭ 19. Open and closed circles refer to the probiotic and placebo groups, respectively. The error bars represent the standard errors of the means. The P value is Ͻ0.001 in all cases. (B) Effect of probiotic supplementation and antibiotic therapy on bifidobacteria targeted by Bif164. The effect is shown for all infants (probiotic n ϭ 32, placebo n ϭ 33), antibiotic-treated infants (probiotic n ϭ 23, placebo n ϭ 20), and infants without antibiotic treatment (probiotic n ϭ 10, placebo n ϭ 12). The empty and filled bars represent the placebo and the probiotic groups, respectively. The error bars represent the standard errors of the means. P values are as follows: Ͻ0.001, all infants; 0.006, infants with antibiotic treatment; Ͻ0.001, infants without antibiotic treatment. ‫,ءء‬ P Ͻ 0.01; ‫,ءءء‬ P Ͻ 0.001. dent methods. Although this provides useful information, it has to be considered that a considerable proportion of the dominant fecal microbiota of adults cannot be cultured because their growth requirements are unknown (32) . Furthermore, enumeration based on culture-dependent methods is prone to error because the media used for cultivation are never truly selective. Therefore, both approaches were used to monitor the development of intestinal microbiota in the present study. Only a few studies assessed the microbial colonic microbiota of premature infants by molecular methods, preferentially denaturing gradient gel electrophoresis (7, 25, 31) . This is the first time that FISH has been applied to the study of the microbiota of premature infants.
In the present study, we observed for all bacterial groups significantly higher cell counts with plating than with FISH when all samples from both the probiotic and placebo groups were considered (data not shown). Considering the effect of probiotic supplementation, the cell counts of total bacteria for all three weeks obtained by FISH and plate counts were significantly different but nevertheless in the same range (FISH placebo, 9.89 ϩ 0.11; probiotic, 10.05 ϩ 0.12; CFU placebo, 10.23 ϩ 0.05; probiotic, 10.03 ϩ 0.04).
The probiotic group displayed higher numbers of bifidobacteria throughout the trial independent of the enumeration method used, although the numbers estimated by FISH were much lower. Discrepancies between plate counts and FISH for bifidobacteria have been shown in two other studies (13, 24) . At the hybridization conditions used, Bif164 is highly specific for Bifidobacterium spp. On the other hand, the media used to cultivate the bifidobacteria are not really specific, and some species of lactobacilli may have been counted along with the bifidobacteria.
The numbers of enterobacteria enumerated with Ec1531 increased with age, and there were no differences between the probiotic and placebo groups. Colony counts of Enterobacteriaceae as determined by plating on EMB agar were higher for the placebo group throughout all three study weeks. The counts of enterobacteria determined by plating (EMB agar) were significantly higher than those determined by FISH (Ec1531) in both study groups. This indicates that higher numbers of one or several bacterial groups that grow on EMB agar but are not targeted by Ec1531 were present in the infants belonging to the placebo group. Reduction in the numbers of enterobacteria upon administration of Bifidobacterium breve has been shown previously (20) .
Veillonella spp. were counted with Veil223, which targets Veillonella dispar, Veillonella parvula, and Veillonella atypica. Cell counts and occurrence of this group were in agreement with the plate counts reported by Sakata et al. (30) . This bacterial group was not enumerated by plating in the present study.
The FISH counts for Staphylococcus spp. be attributed to the low specificity of the culture media used. Independent of the enumeration method used, there were no differences in the numbers of these bacterial groups between the probiotic and placebo groups. However, the Bacteroides counts were much lower in both study groups than reported earlier (30) . In most previous studies, clostridia were observed with low frequency during the first two weeks after birth (5, 30) . In this study, they were detected in most of the infants in low numbers already in the first week. In general, plating resulted in higher clostridial counts than FISH (Chis150 and Clit135 together). This difference can be explained by the fact that the clostridial probes used in this study (Clit135 and Chis150) target only a fraction of the bacteria growing on the Clostridium-specific agar. Selective media are rarely really selective. We therefore assume that organisms not detected by the two probes, such as members of the Eubacterium rectale/Clostridium coccoides cluster, also grow on this medium. Bacterial groups defined by growth requirements usually differ from those defined by phylogeny. The placebo group had higher cell counts of cultivable Clostridium spp. (plate counts) than the probiotic group.
Higher numbers of bacteria targeted by Clit135 were found in the probiotic group than in the placebo group only when lysozyme treatment was used in sample preparation. The observation that the cell counts of bacteria targeted by Clit135 were higher upon treatment with lysozyme is not surprising, as lysozyme treatment is important for the oligonucleotide probe to cross the cell wall of gram-positive bacteria and to hybridize with the target 16S rRNA. From our results, it appears that the preterm infants are colonized by bacteria that are targeted by Clit135 but that are sensitive to lysozyme treatment.
C. difficile was found in almost 70% of the infants enrolled in this study. The carriage rates of C. difficile in normal neonates under 1 year was found to be 84.4% with an ensuing decrease to 30.3% by 2 years of age (23) . The presence of C. difficile in healthy newborn infants in contrast to adults has not been linked to any disease (21) . This shows that the pathogenicity of a given organism may differ significantly depending on habitat.
The acquisition of Candida spp. in neonates occurs by two possible routes: via mother-neonate transmission and via the environmental route (cross-contamination) (28) (29) (30) . In the present study, Candida spp. was isolated from only 5.7% of the infants compared to the 26.7% colonization rate found in the study by Baley et al. (4) .
Effect of probiotic supplementation on occurrence of antibiotic-resistant strains. The determination of the antimicrobial susceptibility of a microorganism is an important prerequisite for its approval as a probiotic. B. lactis Bb12 is resistant to cloxacillin, vancomycin, gentamicin, kanamycin, neomycin, streptomycin, fusidic acid, nalidixic acid, and polymyxin B (37) . The transfer of vancomycin resistance from lactobacilli and bifidobacteria to other bacteria has not been observed yet (18) . With regard to general concerns on the safety of probiotics, i.e., potential transferability of antibiotic resistance determinants, bifidobacteria appear safe for use in the general healthy population with their low natural and acquired resistance to antibiotics (26) .
With regard to the antibiotics used in this study, Bifidobacterium lactis Bb12 was found to be sensitive to penicillin, piperacillin, and imipenem but resistant to vancomycin. Resistance to vancomycin partly explains the observation that the bifidobacterial numbers were not different between the antibiotictreated and -nontreated infants (as observed by enumeration with FISH). The supplementation of Bb12 did not reduce the occurrence of antibiotic-resistant organisms in this study. This indicated that Bb12 does not suppress the growth of such organisms.
Conclusion. The use of probiotics represents a noninvasive method which aims to create an intestinal microbial community whose composition is closer to that of breastfed term infants. In this study, supplementation of preterm infants with B. lactis Bb12 had a beneficial effect on gut microbiota composition. The number of bifidobacteria (by both methods) was increased, while the numbers of enterobacteria and clostridia (cultivable counts), which include many potential pathogens, were reduced. However, the supplementation did not reduce the fecal reservoir of antibiotic-resistant bacteria.
